antitumor immune reaction [1] . The main effects of trastuzumab seem to be due to immunization effects on the one hand and synergistic activity with chemotherapeutic regimens on the other hand [2] . Furthermore, we now know that radiotherapy as well as cytotoxic treatment are immunological therapies in their own right. Irradiation of tumor cells leads to an increased release of antigens with subsequent activation of immune effector cells that will affect not only the irradiated tumor but also distant non-irradiated tumors. This hypothesis is called abscopal effect and has been discussed intensively in recent journals [3].
Introduction
Over the last 3 decades, many investigators have searched for a way to treat breast cancer by using immune cells. However, until a few years ago and despite much effort having been put into oncoimmunological trials, their clinical benefit, with the exception of some encouraging preliminary results, remained disappointing. The main hurdles compromising the efficacy of these vaccination strategies are difficulties in generating broad and robust immune responses as well as overcoming immune escape mechanisms.
General interest in immunooncology was triggered when trastuzumab showed a significant benefit in a subgroup of breast cancer patients as the first antibody able to induce an antigen-specific An anticancer vaccination strategy seems to be encouraging in tumors with specific tumor-associated antigens (TAAs) like cervical cancer. However, in other solid tumors like breast cancer, vaccines have demonstrated very limited efficacy except for some promising preliminary results.
Autologous tumor vaccines using patient-derived tumor cells represent one of the first types of cancer vaccines to be tested [4] . These tumor cells were typically irradiated, combined with an immunostimulatory adjuvant (e.g., Bacillus Calmette-Guerin), and then administered to the individual from whom the tumor cells were isolated [5] . Another approach was the use of allogenic tumor cell vaccines to induce a long-lasting antitumor immune response [6] . However, despite an intensive search of published trials, we were unable to find any successful study in breast cancer patients. A rapidly increasing and improved understanding of tumor immune escape mechanisms and promising strategies to confront these in the last 10-20 years have raised new hope and led to new approaches.
One of the basic characteristics of a tumor vaccine is that it has to be distinguished from self-antigens by the host's immune system and identified as foreign. It has been recognized that the immune system is capable of recognizing several types of antigens on tumor cells referred to as TAAs. In contrast to other cytotoxic therapies, cancer vaccines have demonstrated minimal toxicity in all clinical trials reported to date. Despite expression of many target TAAs in normal tissues, little evidence of autoimmunity has been observed, with the exception of vitiligo in patients receiving certain melanoma vaccines. Cancer vaccine antigens can be administered via several possible platforms, such as peptides, proteins, naked DNA, viral vectors, whole cell-based vaccines (autologous, heterologous), and dendritic cell(DC)-based vaccines [7] . In most vaccination strategies, antigen delivery is combined with the co-administration of an adjuvant to enhance the immune response [8] .
Peptide-Based Vaccination
Peptide vaccines have advantages as well as disadvantages: ease of manufacture, easily evaluated immune response, and a favorable toxicity profile but restricted to HLA-A2 limiting the number of patients. Protein/peptide-based vaccines are more cost-effective than autologous or individualized vaccines. However, a potential drawback is that they target only one or a few epitopes of the TAA. It is generally assumed that an induction of both antigen-specific cytotoxic T lymphocytes and antigen-specific CD4+ helper T cells is necessary for a cancer vaccine to be optimally efficacious. In the following, we discuss vaccination strategies with the most studied and well-described antigens.
Anti-HER2 Vaccines HER2-directed vaccines are the most intensively studied for breast cancer. Several HER2-directed vaccines are currently undergoing clinical development. The HER2 peptide E75 vaccine (nelipepimut-S; NeuVax TM , Galena Biopharma, San Ramon, CA, USA) (aa 369-377), derived from the extracellular domain, is the most studied in the clinical setting. It is limited to HLA-A2+ patients. Final results from a phase I/II trial including 195 women with early breast cancer and an immunohistochemical HER2 expression score of at least 1 were reported. Patients screened negative for HLA-A2/3 within the trial served as a control group. 5-year disease-free survival (DFS) in vaccinated patients was 89.7% compared to 80.2% among controls (p = 0.08). Patients receiving a booster inoculation (n = 53) showed an even higher 5-year DFS (95.2%; p = 0.11) compared to controls. The results of the completed phase III trial (PRESENT, NCT01479244) are eagerly awaited. Further trials combining E75 with trastuzumab are ongoing (NCT01570036).
Another HER2-directed vaccine (GP2 peptide, a 9-amino acid peptide from the transmembrane domain of HER2 (aa654-662) also restricted to HLA-A2) has also been evaluated in a randomized phase II trial (n = 170; NCT00524277). Early results suggest an improved DFS in vaccinated patients compared to controls if early-relapse patients (within the first 6 months) are excluded (94 vs. 85%; p = 0.1) [9, 10] .
Anti MUC-1 Vaccines
Most peptide-based vaccines in clinical trials target cancer/testis antigens, differentiation-associated antigens, or certain oncofetal antigens (CEA, MUC-1). Although these vaccines were able to induce antigen-specific T-cell responses, clinical outcomes have been disappointing [11] . The membrane glycoprotein MUC-1 is frequently found to be overexpressed on cancer cells and can be used as a cancer vaccine as well if applied in the abnormally glycosylated form. The presence of specific antibodies in patients with early breast cancer has been associated with improved survival [12] . A synthetic antigen conjugated to a special carrier (STn-KLH; Theratope TM , Biomira, Inc., Edmonton, AB, Canada) was used as a vaccine in a large randomized phase III trial in patients with metastatic breast cancer either in remission or with stable disease after first-line treatment (n = 1,028; completed). Although the vaccine produced strong humoral responses, there was no DFS or overall survival (OS) benefit. However, in the estrogen receptor-positive subgroup, a significant OS benefit was observed [13] .
A further MUC-1-derived vaccine induced both cytotoxic and humoral responses in a small randomized pilot study. Despite the small numbers (n = 31), the vaccine significantly reduced the recurrence rate (60.5 vs. 12%; p = 0.002) [14, 15] . PANVAC TM (Therion Biologics Corp., Cambridge, MA, USA) targets both MUC-1 and CEA; it uses viral vectors to deliver the antigen together with 3 human T-cell costimulatory molecules [16] . In early clinical trials in heavily pretreated patients, the vaccine demonstrated some clinical activity, including a complete response [17, 18] .
Other Breast Cancer Antigens MAGE-A3 and NY-ESO-1, which have already been tested in lung cancer and melanoma, are also preferentially expressed in triple-negative breast cancer. Here, they seem to also be highly immunogenic, and immune response is associated with tumor-infilSchütz/Marmé/Domschke/Sohn/von Au Breast Care 2018;13:22-26 24 trating lymphocytes (TILs) and a favorable prognosis [19, 20] . These antigens remain potential targets for breast cancer immunotherapy.
NY-BR1, Mammoglobin-A, hTERT, and WT-1 are further cancer antigens and candidates for clinical vaccination trials.
Genetic Vaccines
Antigen or antigen fragments can also be delivered in vivo via viral or plasmid DNA vectors expressing specific antigens that will activate the immune system. Upon administration, they transfect somatic cells like myocytes or DCs that infiltrate muscle or skin as part of the inflammatory response to vaccination, resulting in a subsequent cross-priming or direct antigen presentation. Genetic vaccines can be administered easily and may include multiple antigens in a single immunization and activation of various arms of immunity [21] .
DNA-Based Vaccines
DNA-based vaccines use another mechanism of action. Uptake of the DNA encoding for the selected TAA by antigen-presenting cells (APCs) leads to subsequent translation into protein, followed by intracellular processing and presentation. DNA vaccines can be administered as naked DNA, complexed with other molecules, as liposomal formulations, or incorporated into nanoparticles [22, 23] . This technique has not been used clinically in breast cancer. However, in mice, some success has been shown [24] . It has also been shown that DNA vaccines can be rationally combined with other immunostimulatory agents, such as Toll-like receptor agonists, to optimize antibody responses.
Vaccines Based on Viral Vectors for Antigen Delivery
A further vaccination strategy consists of viral vectors (e.g., Newcastle virus, poxvirus family members, measles, and adenoviral vectors). Vectors produce longer-lasting and broader immunity than both naked DNA and peptide vaccines. Especially the application of costimulatory molecules at the same time to enhance the immune response make them interesting for vaccination strategies. In prostate cancer, an OS benefit has been shown with the viral cancer vaccine PROSTVAC (Bavarian Nordic, Kvistgaard, Denmark), which is a platform consisting of a replication-competent vaccinia priming vector and a replication-incompetent fowlpox boosting vector [25] . Each vector contains transgenes for prostatespecific antigen and 3 costimulatory molecules (CD80, CD54, and CD58). However, to our knowledge, there is currently no recruiting clinical trial for breast cancer.
Cell-Based Active Vaccination

APC-Based Vaccination
DCs are the most important APCs characterized by high density of major histocompatibility complex molecules as well as costimulatory molecules. DC-based vaccines are not human leukocyte antigen(HLA)-restricted and can stimulate both class I and II responses. DCs can be generated easily from peripheral blood mononuclear cells, e.g. via apheresis. DCs can subsequently be loaded with antigens (proteins, peptides, and cell lysates) or transfected with TAA-carrying vectors [26] . An experimental DC-based HER2-targeted version of Sipuleucel-T (Lapuleucel-T; Neuvenge TM , Dendreon, Seal Beach, CA, USA) has demonstrated limited activity in breast cancer. Several HER2-pulsed DC-based vaccines have been investigated in a variety of settings including ductal carcinoma in situ [27] [28] [29] . However, DC-based vaccines remain technically challenging with regards to large-scale manufacturing including in vitro expansion, maturation, and activation [30] .
Passive Vaccination
Passive vaccination or immunization describes the transfer of active humoral immunity in the form of ready-made antibodies or effector lymphocytes like activated T cells and natural killer (NK) cells.
Huge efforts are being made to find ready-made antibodies like trastuzumab and pertuzumab for HER2-positve breast cancer to treat tumor cells specifically and effectively. However, finding an antibody that has antitumor effects is like finding a needle in the haystack on the one hand while winning the jackpot on the other hand.
Many approaches to cellular immunotherapy have been described most of which failed, generally due to a lack of standardized and reproducible study protocols, high costs, and, in the end, lacking efficacy in the treatment of breast cancer. However, new approaches, especially to switching off immune escape, have led to a renaissance in cellular immunotherapy. A classic example of this type of therapy is the adoptive T-cell transfer in malignant melanoma, in which peritumoral T cells are extracted and activated and propagated outside the body. After transfer of these activated T cells, a long-lasting response could be detected in over 25% of the tumors [31] .
Our own working group has performed a trial with adoptive Tcell transfer in metastatic breast cancer patients. Here, tumor antigen-specific CD8+ T cells derived from bone marrow were activated ex vivo and then re-administered to the patients intravenously. There was a remarkable immunological response in half of the patients [32] . These responders also showed markedly prolonged OS in comparison to non-responders, although the absolute number of patients was low [33] . However, it seems that immune escape mechanisms that had not been addressed before Tcell application prohibited a clinically effective tumor regression.
Although NK cells could also be used for passive vaccination, they do not seem to have the same potential as T cells [34, 35] . However, in the last few years, several reports has been published about stem cell-derived NK cells that may have a better cytotoxic effect against tumor cells [36, 37] . Furthermore, the combination with chemotherapy might lead to higher responses in metastatic breast cancer patients [38] .
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Breast Care 2018;13:22-26 25 Another interesting approach is the adoptive cell transfer with chimeric antigen receptor (CAR) T cells. In this setting, T cells are taken from a patient and are infected with genes encoding a T-cell receptor (TCR) directed against a TAA. These genes are integrated in the patient's genome. The artificial TCR will be replicated and expressed on the T-cell surface initiating an immune response that kills the targeted cell. In leukemia patients, the Food and Drug Administration has approved CAR T cells as the first cellular immunotherapy due to clinical benefit in randomized trials [39] . Whether this type of T-cell therapy can also play a role in other cancers will become apparent in the next few years [40] .
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